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The «- and 3-subunits of membrane-bound ATP synthase
complex bind ATP and ADP: 3 contributes to catalytic sites,
and o may be involved in regulation of ATP synthase activi-
ty. The sequences of (-subunits are highly conserved in
Escherichia coli and bovine mitochondria. Also « and (3 are
weakly homologous to each other throughout most of their
amino acid sequences, suggesting that they have common
functions in catalysis. Related sequences in both o and § and
in other enzymes that bind ATP or ADP in catalysis, notably
myosin, phosphofructokinase, and adenylate kinase, help to
identify regions contributing to an adenine nucleotide binding
fold in both ATP synthase subunits.
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Introduction

The ATP synthase complex plays a central role in energy
transduction in living cells. According to Mitchell’s theory of
chemiosmosis it uses the proton gradient of bacterial, mito-
chondrial, and chloroplast membranes to promote the final
step in oxidative phosphorylation (or photophosphorylation)
of ADP (Mitchell, 1981). According to Kayalar et al. (1977)
catalysis may occur by an energy-dependent binding change
mechanism. In a current proposal (consistent with 3c- and
3B-subunits) this involves three interconvertible and co-
operative catalytic sites (Grubmeyer and Penefsky, 1981;
Cross and Nalin, 1982). Each may assume three states:
‘open’, ‘loose’, or ‘tight’. An ‘open’ site has very low affinity
for ligands (ADP and inorganic phosphate) and a ‘loose’ site
has a greater affinity than an ‘open’ site. Both ‘open’ and
‘loose’ sites are catalytically inactive. It is envisaged that bin-
ding of substrates ADP and Pi to an ‘open’ site converts it to
a ‘loose’ site. The proton-motive force generated by oxidation
causes substrates to bind tightly and subsequently ATP,
formed in the previous cycle, to be released from a ‘tight’ site.
Finally ATP is formed from ADP and Pi in the ‘tight’ site.
The cycle is then repeated (for a review, see Cross, 1981). This
model for ATP synthesis has features in common with the
mechanism of ATP hydrolysis by the muscle actomyosin
complex in that large energy changes are needed for the
release (in synthesis) or binding (in hydrolysis) of ATP rather
than for formation (or scission) of the P-O bond (see below)
(Chappell, 1977; Matsuoka et al., 1981).

The catalytic sites are to be found in an assembly F, which
is bound to a structure, F,, buried in the lipid bilayer. In
Escherichia coli F, is made up from three proteins a, b, and ¢
(see Downie et al., 1979; Fillingame, 1981). It contains a
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trans-membrane proton channel linking the proton-motive
force of the membrane to the catalytic sites in F,. In all
species examined F, contains two major subunits, « and (3,
which together constitute ~80% by weight of F, and three
minor ones, v, 6, and e (see Futai and Kanazawa, 1980).
These proteins are probably assembled with a stoichiometry
of 3a:3B3:1v:16: 1€ (Catterall and Pedersen, 1971; Bragg and
Hou, 1975; Fillingame, 1981). An adenine nucleotide binding
site appears to be present in each of the 3a- and 33-subunits,
making six in all (Slater et al., 1979; Wagenvoord et al.,
1980). Covalent modification experiments indicate that
contributes to catalysis (Ferguson et al., 1975; Esch and
Allison, 1978; Drutsa et al., 1979; Yoshida et al., 1981a,
1981b); also it is able to bind both ADP and ATP as required
for catalysis (Harris, 1978; Wagenvoord et al., 1980). Also,
ATP binds to isolated a-subunits with high affinity, thereby
causing a large conformational change in the protein (Dunn,
1980).

Recently we established the sequence of the « and 3 pro-
teins by nucleotide sequence analysis of the unc operon which
codes for all eight subunits of the E. coli complex (Gay and
Walker, 1981a, 1981b; Saraste et al., 1981; Walker et al.,
1982a). In addition, we determined the protein sequence of
the bovine 8 protein. As described below, a and 3 are homo-
logous to each other throughout most of their sequences. In
two particular regions they are also homologous to other
ATP-binding proteins. This implies the presence of a com-
mon adenine nucleotide binding fold in all of these proteins.

Results
Conservation of a- and 3-subunits

The sequence of the bovine 3-subunits was established de
novo by sequence analysis of peptides isolated from cyanogen
bromide and tryptic arginine digests of the protein. All over-
laps were experimentally determined by protein sequence
analysis. The E. coli sequences were determined in the course
of DNA sequencing of the unc operon (Gay and Walker,
1981a, 1981b; Saraste et al., 1981); the genes for the a- and 8-
subunits were identified by N-terminal protein sequence
analysis of isolated subunits (Dunn, 1980; Walker et al.,
1982a).

The sequences of the E. coli and bovine mitochondrial 8-
subunits aligned in Figure 1B are identical in 70% of their
amino acids. In maize chloroplasts this protein is also highly
conserved (Krebbers et al., 1982). Protein sequence analysis
of the bovine a-subunits shows that it also is very similar to
the E. coli protein.

The a- and B-subunits are homologous

The protein sequences of the E. coli a- and 8-subunits were
compared as described in Materials and methods. The com-
parison matrix in Figure 2 shows a persistent homology
throughout the common sequences of the two proteins. The
homology is strongest in the N-terminal regions, particularly
around residues 60— 130 of the « protein. When aligned as
suggested by Figure 2, the a-subunit extends beyond the 8-
subunit at both ends of the protein chains and a deletion of 15
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Fig. 1. Amino acid sequences of a- and $-subunits of E. coli ATP synthase and of

the B-subunit of bovine mitochondrial enzyme. The E. coli sequences are

derived from DNA sequences (Gay and Walker, 1981; Saraste et al., 1981); the bovine sequence was established by protein sequence analysis as described in
Materials and methods. In A, E. coli, a- and B-subunits are aligned according to the comparison matrix (Figure 2). Identities and conservative substitutions
are boxed; * are deletions that correspond to shifts from one diagonal to another in Figure 2. In B, comparison of the sequences of the S-subunits of (a)

E. coli and (b) bovine mitochondrial ATP synthase. Identities are boxed. In the bovine sequence glutamic acid-202 (circled) is specifically covalently labelled

when dicydohexylcarbodiimide is reacted with F, (Yoshida et al., 1981a). In the E.

coli protein a different but adjacent residue, glutamic acid-191 (circled),

reacts (Yoshida et al., 1981b). Tyrosine-371 (circled) in the bovine protein was covalently labelled with p-fluorosulphonyl-[*C]benzoyl-5’-adenosine (Esch and

Allison, 1978).

amino acids is found around residue 300 of the 8 chain (see
Figure 1A). Approximately 22% of amino acid residues along
the common sequence are identical and a further 15% conser-
vatively substituted. Sequence homology between bovine o
and B had been suspected earlier on the basis of immuno-
logical evidence (N.J.Gay, unpublished data) and from the
similarity of their amino acid compositions (Harris, 1981).

946

Taken with the high conservation of heterologous a- and 8-
subunits this shows that the gene duplication that gave rise to
a and 8 occurred before the emergence of mitochondria, i.e.,
>1.2 x 10° years ago (Cloud et al., 1969).

Homology between o and (3 and other enzymes that use ATP
To try and delineate sequences in « and 3 that might be in-




volved in binding adenine nucleotides, we used DIAGON to
compare their sequences with a number of enzymes that
employ ATP in catalysis. These include notably two enzymes
of known three-dimensional structure, phosphofructokinase
(Evans and Hudson, 1979; Evans et al., 1981) and adenylate
kinase (Pai et al., 1977) in which nucleotide binding sites have
been identified. In a third case, myosin, chemical studies (see
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Fig. 2. Comparison matrix of the sequences of the a-subunit (ordinate) and
the B-subunit (abcissa) of E. coli ATP synthase (see Figure 1). Spans of 19
were used in the calculation. Points on the figure represent homology fall-
ing into the best 1% at each point (midpoint of span).

Nucleotide binding of ATP synthase

below) have localised nucleotide binding sites to a specific
region of the protein.

First we searched for the most highly conserved regions in
these proteins. Figure 3a, c, e, and g, for example, shows the
regions of greatest homology between adenylate kinase and
a, 3, myosin, and phosphofructokinase, respectively. The se-
quences labelled A are homologous to each other as are the
sequences labelled B (see Table I). These aligned sequences in
adenylate kinase, myosin, and 8 were then used to search for
similar sequences in other proteins listed in Table I. In this
way two sets of related sequences, A and B in Table I, were
detected in some of these proteins but not in others. The se-
quences A have a number of conserved features notably the
sequence G-X-X-X-X-G-K(T)X-X-X-X-X-X-1/V additional-
ly preceded (except in myosin) by a basic amino acid (en-
circled). The sequences B contain the common sequence
R/K-X-X-X-G-X-X-X-L-hydrophobic-hydrophobic-hydro-
phobic-hydrophobic followed by an aspartic acid residue (en-
circled). The homologies in myosin, phosphofructokinase,
and adenylate kinase are of particular interest as discussed
below. Not shown in Table IA is a region of phosphofructo-
kinase homologous to adenylate kinase, but more distant
from the other proteins tabulated. Additionally, sequence
homologies were not found in proteins thought to show struc-
tural homology with adenylate kinase in the region of the
nucleotide binding sites (e.g., alcohol dehydrogenase).

Adenylate kinase

Adenylate kinase catalyses phosphorylation of AMP by
ATP. The AMP site is very specific for adenine nucleotides,
the adenine moiety being deeply buried in the protein. In con-
trast, the ATP site can bind GTP and is less specific (Secrist et
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ig. 3. Comparison of the sequence of adenylate kinase with those of the - (panels a and b) and 8- (¢ and d) subunits qf ATP synthase a.qd that of myosin
::elgan::l f():, an?iaghosphofmcti‘l]dnase (g and h). The residues used for the comparisons are numbered on the axes. Companspns were rr.lz}de with a s;peﬂlrnh of %5.
a, ¢, e, and g have a score of 275 with a double matching probability of 6 x 1074, b, d, t‘,. and h score 2653 double matching prob.ablhty 6 xhlao h' ust, in
the four upper panels a, ¢, e, and g the double matching probability is one order of Fr)agmtudp !ower than in .the lower panel§. This means t I; t the mos
significant homologies are revealed in the upper panels and in the lower panels additional statistically less significant homologm are detect;?.h n the upper
panels the points shown are the best 0.1% and in the lower panel the best 0.5% of matches. A and B refer to two segments in Table II which in 3 are

homologous to a continuous myosin sequence designated (a), (b), and (c) (see Table II).
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Table I. Alignment of homologous sequences in a- and S-subunits of ATP synthase and other adenine nucleotide binding proteins.

Protein Residues Sequences References
1 10 20 30
A Bovine ATPase 3 144-173 LAPYAKGG®I GLF -|GIGAGYV|G VFI MELI N a
E. coli ATPase 8 137165 MCPFAKGG®VGLF -|G|IGAG G VNMMELTIR b
E. coli ATPase o 156 —184 MIPIGRGQ%ELII-GDRG G ALAI DAI1 c
Adenylate kinase 1- 30 MEEKLKKS 11 FVVIGIGP G G TQCEKI VQ d
RecA-protein 52— 84 GAGGLPMG®I VEI Y|G|P ES G TLTLQVI A e
Myosin, nematode 156—184 MLQDHENQSMLIT -|GIES G G ENTKKVI C f
Myosin, rabbit 165-193 MLTDRENQSILIT-[GIESG G VNTKRVI Q g
1 10 20 30
B. Bovine ATPase 8 241-270 VAEYFRDQEGQDVLLFI@NIFRFTQAGSEV a
E. coli ATPase 8 27-255 MAEKFI|RID-E|[GIRDVILLFVIONI YRYTLAGTEYV b
E. coli ATPase o 265—293 MGE YF|R|D ~RIGIEDA[LT I YODDLSKQAVAYRQI c
ATP/ADP translocase  275-297 S NVL -[RI[GMG|GIAF VILVL Y{OEI KKFYV h
Adenylate kinase 102-130 GEEFERK-—IGQPTLLLYV@AGPETMTKRLL f
Phosphofructokinase 85—113 GIEQLKK—HGIQGLVVIGG@GSYQGAKKLT i

In A boxed sequences are identical; in B the boxes contain either conserved basic or conserved hydrophobic residues. The significance of encircled residues is
discussed in the text. References: a, this work; b, Saraste et al. (1981); ¢, Gay and Walker (1981); d, Pai ef al. (1977); e, Sancar et al. (1980); f, J.Karn, per-

sonal communication; h, Aquila et al. (1982); i, Kolb et al. (1980).

al., 1972; Price et al., 1973; Slotin and Hampton, 1975). The
two sequences in adenylate kinase listed in Table I both make
important contributions to the AMP binding site (Pai ef al.,
1977). Sequence A (residues 16—23) forms a flexible loop
structure with the sequence Gly-X-Gly-X-Gly. A similar se-
quence is to be found in 8-ATP synthase. In adenylate kinase
the conformation of the loop that may interact with AMP
changes dramatically when AMP is bound with the phos-
phate of AMP. Thus it is noteworthy that a lysine following
the loop may interact with the a-phosphate in adenylate
kinase (Pai et al., 1977) and is conserved throughout the ex-
amples in Table IA. Sequence B (residues 110—120 of
adenylate kinase) forms a hydrophobic §-sheet structure at
the back of the AMP pocket. Close to it as the other part of
this structure is a 3-sheet including the hydrophobic sequence
Ile-Ile-Phe-Val-Val in sequence A (Table I). Also, it contains,
at position 119, an aspartic acid residue that could bind
magnesium in a way similar to that proposed in phospho-
fructokinase (see below).

Phosphofructokinase

The region of homology (residues 82 —110) contains a -
sheet (residues 97—102, Figure 5) which is part of the
substrate binding pocket. It makes important contacts with
an o-helix (residues 105 — 114) which provides direct contacts
with the substrate, Mg-ATP. Interestingly, the conserved se-
quence (see Table IB) includes an aspartic acid residue
(Asp-103 in phosphofructokinase) which is close to, and may
be important for, binding magnesium. This aspartic acid
residue, encircled in Table IB, is found in a similar position in
all cases listed. It is interesting to note that the effector
molecule, ATP, is bound into the regulatory site of phospho-
fructokinase predominantly by its phosphate groups (Evans
and Hudson, 1979). This site was not picked up in our survey.
Mpyosin

The sequence detected in myosin listed in Table IA is
located in a region of the nematode sequence (J. Karn, per-
sonal communication) corresponding to the 25-kilodalton
(kd) fragment generated by limited tryptic proteolysis of rab-
bit heavy meromyosin (B4lint et al., 1975). This fragment is
derived from the S, head portion of myosin (Balint e al.,
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1975) containing the site of ATP hydrolysis. Several other
pieces of evidence point to part of the 25-kd fragment being
involved in nucleotide binding; it is labelled by photoaffinity
labelling with ATP analogues (Szlagyi et al., 1979;
R.G.Yount, personal communication) and limited tryptic
hydrolysis of the hinge region between the 25-kd fragment
and the adjacent 50-kd fragment is influenced by Mg-ATP
(Muhlrad and Hozumi, 1982).

The suggested analogy between the enzymic mechanism of
ATP synthase and actomyosin (Chappell, 1977) adds further
interest to the comparisons between myosin and o and 8.
Comparison of myosin and o (Figure 4) reveals sequence A
and an additional adjacent sequence containing a cysteine
residue (see Table II). The 8/myosin comparison shows both
sequences A and B and an additional homology adjacent to A
in the myosin sequence and containing part of the region A of
8. This suggests that the structural elements represented by A
and B in « or § are in the order BA in myosin; in addition A
in myosin is followed by a third element related to A (see
Table II).

ADP/ATP translocase

This protein is embedded in the inner mitochondrial mem-
brane. It forms an essential element in ATP synthesis by
removing ATP from the mitochondrial matrix and by
replenishing the matrix with ADP from the cytoplasm. In
contrast with all other examples in Table I its action does not
involve scission of phosphate-phosphate bonds. A weak
homology (type B, Table I) is found near its C terminus sug-
gesting that this part of the sequence is involved forming a
nucleotide binding pocket. Of greater significance, however,
is the presence of a strong 3-fold repeat in the sequence
described elsewhere. One repeat includes residues 275 —297,
Table IB. The two other homologous regions were not
detected in the survey described here and may form trans-
membrane a-helices (Saraste and Walker, 1982).

Discussion
Significance of homologies
In making these comparisons in the first instance we have
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Fig. 4. Comparison of segments of myosin with a-

and S-subunits of ATP synthase. Span 25; score 272; double matching probability 1.7 x 10~3, B and A

refer to two segments in Table II which in 8 are homologous to a continuous myosin sequence designated (a), (b), and (c) (see Table II).

Table IL. Part of the sequence of nematode (J.Karn, unpublished results) and rabbit (M. Elzinga, unpublished results) myosin aligned with segments of the sequences of

the B-subunits of E. coli and bovine mitochondrial ATP synthase.

'
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A and B correspond to Table IA and IB. (a) Bovine 3 residues 243 —275, E. coli 3 residues 228 — 259; (b) bovine (3 residues 159—169, E. coli 8 residues
151—160; and (c) @ residues 146— 164, E. coli 8 residues 137— 155. Conservative substitutions are boxed.

sought out the most similar sequences in these proteins based
on the assumption that conservative constraints will be
strongest at the substrate (i.e., nucleotide) binding sites.
Employing a similar tactic Jémvall et al. (1981) recently
demonstrated a similarity between pre-albumin (which binds
thyroxine) and several pre-hormones. They found a par-
ticular segment of pre-albumin that always had the highest
relative similarity to the pre-hormones.

Doolittle (1981) has pointed out that any alignment of two
proteins will show some accidental homology making dif-
ficult the interpretation of the significance of weakly
homologous sequences. However, alignment of several pro-
teins with each other avoids this problem, because it is much
less likely that several proteins will have the same conserved
sequence. This is one reason for thinking that the sequences
in Table I are significantly homologous. Perhaps a stronger
reason is that independent information implicates the se-
quences we have found as being in regions which effect
nucleotide binding in myosin and the phosphofructo- and
adenylate-kinases.

Secondary structure of adenine nucleotide fold

Comparison of the secondary structures of the regions
covered by sequences A and B in adenylate kinase and se-

quence B in phosphofructokinase with the predicted secon-
dary structures of the corresponding regions in the - and 8-
subunits is illustrated in Figure 5. The structures predicted for
« and B are not entirely concordant although given the se-
quence homology between o and @ it is most likely that they
will have closely related structures as has been found in other
families of proteins related by sequence homologies (serine
proteases, globins, cytochromes). It tends to support the
view, however, that the ATP synthase subunits will have a
fold to bind adenine nucleotides related to those in the
kinases. The three-dimensional structures of the two segments
A and B in adenylate kinase are homologous to the structures
in the region of nucleotide binding sites in a number of en-
zymes (Rossman ef al., 1975). Adenine nucleotide binding
folds have recently been identified in tubulin (Krauhs et al.,
1981) and methionyl-tRNA synthetase (Risler et al., 1981)
and related to the Rossman fold for mono- and dinucleotides.
Although these and other proteins were included in our
survey, convincing sequence homologies with the proteins in
Table I were not detected. The fold in o and 8 described here
and the examples shown in Table I extend the range of distri-
bution of the fold to include ATPases (myosin, recA, ATP
synthase) and the ATP-ADP translocase which is embedded
in the inner mitochondrial membrane, possibly in close
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Fig. 5. Predicted secondary structures in regions proposed to be con-
tributing to the nucleotide binding fold in E. coli ATP synthase a- and 8-
subunits. They are compared with secondary structures of homologous se-
quences in adenylate kinase and phosphofructokinase in regions shown in
Table I. The secondary structures in «- and 8- were predicted by
McLachlan’s procedure (McLachlan, 1977). The vertical axis is a probabili-
ty scale. ®, 8-sheet, O, a-helix; M, 8-bend. In the secondary structures in
adenylate kinase and phosphofructokinase, o-helices are denoted by ", 8-
sheet by WAand B-bends by ~. (A) and (B) correspond to the sequences in
Table IA and IB, respectively.

association with the ATP synthase complex (M.Saraste et al.,
unpublished data).

Implications for ATP synthase

Chemical labelling studies have shown that the «- and -
subunits of ATP synthase do not have identical functions in
the enzyme complex. For instance, the §-subunit contains
specific amino acids which have been implicated in catalysis
for which function counterparts are not found in the o-
subunit. Thus, Yoshida et al. (1981b) showed that a par-
ticular glutamic acid residue in the 8-subunit of a thermophile
F, reacts with dicyclohexylcarbodiimide, thereby inactivating
the enzyme. The inhibition is stimulated by ADP and reduced
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by Mg?+ and so it is suggested that this amino acid par-
ticipates in Mg?* binding. A different, but adjacent,
glutamic acid reacts in the bovine mitochondrial protein
(Yoshida ef al., 1981b). Counterparts of both residues are to
be found in the E. coli -protein as indicated in Figure 1B. A
second example concerns 3-Tyr-371 in Figure 1B identified by
Esch and Allison (1978) as the tyrosyl residue modified by the
adenine nucleotide analogue, p-fluorosulphonylbenzoyl-5’-
adenosine which irreversibly inactivates F,. This tyrosine is
also conserved in the E. coli -protein. However, again the a-
subunit does not have equivalent counterparts. Nonetheless,
the observed persistent homology between o and 3 probably
is a reflection of common functions including their ability to
bind adenine nucleotides. The sequences proposed to form
part of the nucleotide binding sites in o« and 8 that we describe
are insufficient to explain the extensive overall homology bet-
ween these two proteins. Other parts of the sequence must
also contribute to the nucleotide binding fold. For example,
photoaffinity labelling experiments with 8'-azido-ATP have
shown that lysines 303 and 304 in 8 (Figure 1B) react and
presumably are in the ATP pocket (M.Hollemans and
J.E.Walker, unpublished data). Also it seems likely that other
common constraints must operate. One such constraint might
be related to the associations between « and 8 and other pro-
teins in the enzyme complex, particularly v, 6, and e and pro-
tein b, the membrane-bound constituent of F, which pro-
trudes from the membrane, forming important helix-helix in-
teractions with the F, assembly (Gay and Walker, 1981b;
Walker et al., 1982c¢).

Materials and methods

Proteins and peptides

Beef heart mitochondrial F;-ATPase was prepared by chloroform extrac-
tion of submitochondrial particles (Beechey et al., 1975) followed by gel filtra-
tion through Ultrogel AcA34 (Saraste e al., 1982). The -subunit was purified
from urea-solubilised bovine F, by gel filtration on Sepharose 6B to remove
the y-, 8-, and e-subunits and ion-exchange chromatography of the fraction
containing the o and S proteins on DEAE-cellulose in 8 M urea, 10 mM Tris
HCl (pH 7.2), 1 mM B-mercaptoethanol, and 0.1% phenylmethyl sulphonyl
fluoride with a NaCl gradient of 0—0.15 M. The a-subunit was not retained
by the column under these conditions whilst the S-subunit euted at
0.06—0.12 M NaCl (see Knowles and Penefsky, 1972).

Tryptic arginine peptides were isolated from a tryptic digest of succinyl-8-
protein (250 nmol) by fractionation first by gel filtration on Sephadex G-75
(superfine) in 0.5% ammonium bicarbonate. Pooled fractions were subjected
to h.p.l.c. on a radially compressed column (Waters C, Radialpak) in 10 mM
sodium acetate pH 4.5 with linear acetonitrile gradients up to 60% or 100%
using an Altex chromatography system. The pumping rate was 2 ml/min.
Peptide sequence analysis

Automated analysis of peptides derived from the 8-subunit was performed
in either a modified Beckman 890B Sequencer or in a solid phase micro-
sequencer (Walker et al., 1982a, 1982b). Phenylthiohydantoins were identified
by reverse phase chromatography on Zorbax-ODS (Brock and Walker, 1980).
Manual sequence analysis of peptides was performed by a scaled down ver-
sion of the method described by Chang et al. (1978). With this procedure
2—10 nmol of peptide could be sequenced up to the twentieth residue.

Amino acid analyses of acid hydrolysates were obtained with the aid of a
Durrum D-500 analyser.

Computer analyses

Secondary structures of the E. coli a- and 8-subunits of ATP synthase were
predicted from their primary sequences using a program described by
McLachlan (1977). This method applies the laws of statistical inference to
amino acid frequency data from proteins of known structure. It calculates the
probability of a-helix, S-sheet, 5-bends, and irregular structure along the
length of a given sequence.

Amino acid sequences of proteins were compared with an interactive
graphics program DIAGON (Staden, 1982) using the proportional matching
option (McLachlan, 1971). This involves calculating a score at each position in




the comparison matrix by summing points found when looking forwards and
backwards along a diagonal line of given length. This length is called the span.
The algorithm uses a score matrix for every possible pair of amino acid
substitutions. This matrix, MDM78, was calculated from accepted point
mutations of 71 families of related proteins and found to be the most power-
ful score matrix for the detection of distant relationships (Dayhoff, 1978).
High scores correspond to good matches, low scores to poor (insignificant)
matches.

Statistical significance of matches is assessed by the double matching pro-
bability (see legends to Figures 3 and 4). This is the probability of finding a
particular score, given two infinitely long sequences of the same amino acid
compositions as the sequences being compared, with the same span length and
score matrix (McLachlan, 1971; Staden, 1982). A double matching probabili-
ty of 6 x 10~ 4, for example (see Figure 3 legend), means that in a random se-
quence of the same amino acdd composition about one sequence in 1700
should reach this scoring level.
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